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An exclusive analysis of the 4-body final states Λ + p + pi+ + K0 and Σ0 + p + pi+ + K0 measured
with HADES for p+p collisions at a beam kinetic energy of 3.5 GeV is presented. The analysis uses
various phase space variables, such as missing mass and invariant mass distributions, in the four
particle event selection (p, pi+, pi+, pi−) to find cross sections of the different production chan-
nels, contributions of the intermediate resonances ∆++ and Σ(1385)+ and corresponding angular
distributions. A dominant resonant production is seen, where the reaction Λ + ∆++ + K0 has an
about ten times higher cross section (29.45± 0.08+1.67−1.46 ± 2.06µb) than the analogous non-resonant
reaction (2.57± 0.02+0.21−1.98 ± 0.18µb). A similar result is obtained in the corresponding Σ0 channels
with 9.26± 0.05+1.41−0.31 ± 0.65 mub in the resonant and 1.35± 0.02+0.10−1.35 ± 0.09µb in the non-resonant
reactions.
PACS numbers: 13.75.Cs Nucleon-nucleon interactions, 13.75.-n Hadron induced low and intermediate en-
ergy reactions and scattering (E ≤ 10 GeV), 25.40.-h Nucleon-induced reactions, 25.40.Ep Inelastic proton
scattering, 25.40.Ny Resonance reactions
I. INTRODUCTION
The lightest strange particles, kaons, are object of
many investigations within modern nuclear physics. Due
to strangeness conservation in strong interactions, kaons
and antikaons are often produced together in hadron-
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2hadron collisions but interact with nucleons very differ-
ently. The presence of baryon resonances just below
the K¯N threshold makes the antikaon-nucleon scatter-
ing very complex, with the necessity of a coupled-channel
treatment. The kaon-nucleon interaction is, on the con-
trary, featureless, relatively weak, and is reduced at low
energies to the non-resonant elastic scattering.
In p+A or A+A collisions there are several mechanisms
that can lead to kaon production. Kaons can not only
be directly produced in nucleon-nucleon collisions but
also in multi-step processes through N∆ or ∆∆ reactions
(here and further in the text the ∆(1232)-resonance is
discussed, unless explicitly stated differently). However,
experimentally one can only study the direct kaon pro-
duction through elementary p+p/n or pi+p/n collisions.
The measurement of exclusive kaon production channels,
in particular including intermediate resonances, plays a
fundamental role in elementary and heavy ion collisions
at kinetic energies in the GeV regime [1–3] and hence
these contributions should be evaluated quantitatively.
The production of strangeness in 3-body final states
(p + p→ p + Y + K), where Y stands for a Σ- or a Λ-
hyperon, was studied in detail for a wide range of ener-
gies up to 2 GeV both from the experimental and the
theoretical sides [4–8]. Inclusive cross-sections of the 3-
body final states including Σ- and Λ-hyperons have been
measured accurately but so far no conclusive picture was
drawn that was able to explain the role of intermediate
N∗ resonances decaying into Λ-kaon pairs to the final
states. In particular, at the same beam energies stud-
ied in this paper, the measured p + Λ + K final state is
found to be difficult to interpret even including several
N∗’s with masses ranging from 1700 to 1900 MeV [2].
There and probably also at lower energies partial wave
techniques have to be employed [9] to disentangle the
different contributions of the resonant and non-resonant
terms.
On the other hand, 4-body final states, with the
simplest final state p + p→ Y + p + pi + K having a
threshold of
√
s ≈ 2.68 GeV, did not get enough at-
tention so far. The region corresponding to
√
s >
3.35 GeV was explored by a number of bubble cham-
ber experiments [10–13], but for the Σ-associated chan-
nels p + p→ Σ + p + pi + K no experimental data ex-
ist below
√
s = 3.35 GeV. For the Λ-associated chan-
nels the situation is the same, with an exception of a
p + p→ Λ + p + pi+ + K0 measurement done at √s =
2.97 GeV [14].
The state of theoretical calculations for strangeness
production in the 4-body final state is even worse: only
one model [15] gives predictions for the energy depen-
dence of the intermediate reactions N + N→ ∆ + Y + K.
In this approach an accompanying pion appears ex-
clusively through the decay of a ∆ resonance. The
model significantly overestimates existing measurements
of the reaction strengths, in particular for the channel
p + p→ Λ + p + pi+ + K0.
The assumption that the ∆ resonance contribution
to 4-body reactions is dominant should be verified ex-
perimentally. For this purpose, we show in this work
the analysis of the channel p + p→ Λ/Σ0 + p + pi+ + K0
and the extracted contribution from the formation of an
intermediate ∆++ resonance [12–14] to this final state.
The data presented here have been measured with the
HADES [16] detector setup at GSI (Darmstadt). An
analogous study has never been performed for the re-
action p + p→ Σ0 + p + pi+ + K0, in which the proton
and the pi+ might stem from the ∆++ decay, probably
because the separation of Λ and Σ0 requires an excellent
invariant and missing mass resolution. Not only because
of the good resolution, but also because of the large ac-
ceptance, HADES is an excellent detector to investigate
the mentioned reactions.
Besides the analysis of the exclusive reaction chan-
nels p + p→ Y + ∆++/(ppi+) + K0 at the beam ki-
netic energy of 3.5 GeV corresponding to
√
s =
3.18 GeV, the channels p + p→ Σ+ + p + K0 and
p + p→ Σ(1385)+ + p + K0 have been investigated and
results are also reported in this work. These measure-
ments are of great interest for the inclusive analysis of
K0 production in p+p [17] and p+Nb collisions measured
at the same beam energy [18]. Moreover, they comple-
ment the exclusive analysis of the 3-body p + K+ + Λ
final state aimed at the search for the kaonic bound state
[2].
These measurements probe an interesting energy re-
gion that is challenging for theoretical descriptions. At
lower energies, close to the threshold of strangeness pro-
duction, where the number of opened channels is small
and restricted mostly to 3-body reactions, the so-called
resonance models are widely applied. In this approach all
hyperon-kaon pairs originate from the decay of an inter-
mediate N∗ or ∆∗ baryonic resonance formed in two-body
processes: N + N→ N + R→ N + Y + K. At high ener-
gies multi-particle production is usually treated with the
help of string fragmentation models such as pythia. The
energy explored in the present study lies in the transition
region between resonance and string fragmentation mod-
els. Note that for the description of electron-positron
pair production performed by the HADES collaboration
in the same data set both the pythia and the resonance
model approach have been applied [19, 20]. Precise mea-
surements of further hadron production channels, includ-
ing strangeness, are, therefore, necessary to constrain any
theoretical calculations or models.
While p+A reactions are dominated by NN collisions,
in heavy-ion collisions processes including a ∆-resonance
become more important especially at energies below the
kaon production threshold. At high energies NN colli-
sions start to dominate the production mechanism again
[21].
Due to the complex dynamics of collisions involving
heavy ions, the interpretation of experimental results is
usually assisted by the comparison to the outcome of
transport models that aim to incorporate all available
knowledge about production and in-medium propagation
3of hadrons. Clearly, strengths of strangeness production
in underlying nucleon-nucleon reactions constitute a ma-
jor ingredient of this knowledge [22]. However, for the
correct treatment of strangeness production not only en-
ergy dependent cross sections of different channels are
required, but also more detailed information about the
different production mechanisms which lead to the same
final state. Hence, also information such as angular dis-
tributions of final state particles and contributions by
intermediate resonance states as presented in this work
are extremely important.
This paper is structured as follows. Section II describes
shortly the experimental apparatus and section III con-
tains the analysis of the exclusive channels and the com-
parison to simulated data with the extraction of the an-
gular distribution and cross-section values. Section IV
is dedicated to the summary and discussion of the pre-
sented results.
II. THE EXPERIMENT
The High-Acceptance Di-Electron Spectrometer
(HADES) is a versatile experiment currently operating at
the SIS18 synchrotron (GSI Helmholtzzentrum in Darm-
stadt, Germany) delivering kinetic beam energies in the
range of 1 − 2 AGeV for nucleus-nucleus collisions. For
proton induced reactions, energies up to 3.5 GeV can be
reached. The detector system has a 85% azimuthal cov-
erage, while the polar angles are covered from 18◦ to 85◦
degrees. The momentum resolution is ∆ p/p ≈ 3%.
The multi wire drift chambers (MDCs) - two planes
in front of and two behind the superconducting magnet
(toroidal field) employed for charged particle tracking -
and the Time-Of-Flight wall are the detector components
which have been used for the analysis presented here.
The MDCs deliver the momentum information and the
particle identification via the specific energy loss dE/dx
for each particle, the Time-Of-Flight wall has been used
to set the online trigger conditions. In the present exper-
iment the first level trigger (LVL1) condition required at
least three hits in the Time-Of-Flight wall (M3) to re-
duce contributions from the p+p elastic scattering. For
more details see [16].
In this analysis proton-proton reactions at a kinetic
beam energy of Ekin = 3.5 GeV have been studied. The
beam had an average intensity of ∼ 1×107 particles/s.
As a target material liquid hydrogen with a density of
0.35 g/cm2 has been used. The dimensions of the cylin-
dric target cell were 15 mm in diameter with a length of
44 mm [23]. The corrsponding total interaction probabil-
ity amounts to 0.7 %. In total, 1.14 × 109 events were
collected with this setup.
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FIG. 1. Color online. pi+pi−-invariant mass distri-
bution after secondary vertex cuts for the selected event
sample. The reconstructed values from a fit with the
sum of two Gaussians, a polynomial and a Landau func-
tion are < mK0S
>= 494.9 MeV/c2, < σK0S
>= 7.1 MeV/c2,
NK0S
= 6102 and S/B 0.64. The dashed-dotted lines show the
3σ region around the K0S signal. The red and green areas
indicate the chosen low and high mass sideband sample re-
spectively.
III. DATA ANALYSIS
One of the uncertainties in the transport models is
the cross section of K0 production channels in nucleon-
nucleon collisions associated with the production of
∆(1232)-resonances. In this section, we show the data
analysis procedure to determine the rate of K0S produc-
tion associated with a hyperon and a nucleon (or a ∆++)
in events containing a proton, a pi+, another pi+ and a
pi−. To this end, K0S candidates have been reconstructed
by the invariant mass of the pi+pi−-pairs, leading also
to combinatorial background stemming from non-strange
production channels. In order to understand and later
on to subtract the background which survives the K0S se-
lection cuts, a sideband event sample has been defined.
This method is described in section III B. Further contri-
butions by various K0 reaction channels have been simu-
lated with the Pluto [24] event generator, filtered through
a full scale simulation and analyzed the same way as real
events. A simultaneous fit of all these channels to five
kinematic observables (three missing mass and two in-
variant mass distributions) has been carried out to ex-
tract the cross sections associated to each production
channel. For the reactions p + p→ Λ + ∆++ + K0 and
p + p→ Σ0 + ∆++ + K0 also the angular distributions
corrected for acceptance and efficiency have been deter-
mined.
4A. Event and Track Selection
As mentioned above, we have focused on
the two reactions p + p→ Λ + ∆++ + K0 and
p + p→ Σ0 + ∆++ + K0 and developed an exclu-
sive event selection, which we can distinguish from
each other by reconstructing first the K0S. Therefore,
only events with exactly the four charged particles
proton, pi+, pi+, pi− have been selected assuming that
the pi− and one of the pi+ stem from a K0S decay (BR =
69.2 %), whereas the proton and the other pi+ are either
produced directly or originate from the ∆++ decay.
Due to combinatorics, it is possible to use one event
multiple times even after applying off-target, off-vertex
and a K0S mass cut (see next paragraph for a detailed
description). However, by rejecting events with more
than four detected particles the probability to use an
event more than one time has been decreased from
23.3 % to less than 0.3 %.
To reduce the contribution from off-target events a
three-dimensional cut is applied on the primary vertex
position. For each event the primary vertex has been cal-
culated as the averaged intersections of the reconstructed
K0S track and the remaining proton and pi
+ tracks. A
17 mm wide interval in the XY-plane around the nom-
inal beam position and a 60 mm interval in the Z di-
rection have been used to define the target region. The
identification of the particles has been carried out by two-
dimensional cuts on the dE/dx vs. polarity×momentum
distribution, in which the positive pions are well sepa-
rated from the protons up to a momentum of 1 GeV/c.
As mentioned above K0S are reconstructed from their de-
cay particles pi+pi−. Therefore, all possible combinations
of pi+pi−-pairs have been formed per event and their sec-
ondary vertices have been calculated. An effective sup-
pression of the combinatorial background is achieved by
applying the following secondary vertex cuts: (1) dis-
tance between the two pion tracks (dpi+−pi− < 7 mm), (2)
distance between the primary reaction and the secondary
decay vertex (d(K0S −V) > 25 mm), (3) distances of clos-
est approach of the two pion tracks with respect to the
primary vertex (DCApi+ > 7 mm, DCApi− > 7 mm). The
resulting pi+pi−-invariant mass spectrum is depicted in
Fig. 1. It shows a clear peak over the remaining combi-
natorial background, which corresponds to the K0S signal.
This invariant mass spectrum is fitted with the sum of
two Gaussians for the signal and a polynomial and a Lan-
dau function for the description of the background. Since
only final states containing a K0 have been considered in
this analysis, a 3σ cut around the nominal K0S mass has
been applied, where σ is the averaged standard deviation
of the two Gaussians. The cut boundaries are indicated
by the dashed-dotted lines in Fig. 1.
After this K0S preselection the missing mass
to proton, pi+, pi+ and pi− (MM(p,pi+,pi+,pi−))
can be studied. Fig. 2 shows the obtained
MM(p, pi+, pi+, pi−) distribution, in which one can
clearly identify the Λ and the Σ0 peaks associated
to the reactions p + p→ Λ/Σ0 + p + pi+ + K0 and
p + p→ Σ(1385)+ + p + K0. The peak at the neu-
tron mass is due to the reactions without strangeness
production and a contribution from the channel
p + p→ Σ+ + p + K0.
Also the missing mass to the proton, pi+ and pi−
(MM(p,pi+,pi−)) has been studied (Fig. 3). As will be dis-
cussed later in this work, the MM(p,pi+,pi−) is employed
to extract the contribution of those K0 production chan-
nels associated with a Σ+ or a Σ(1385)+. The visible pro-
ton peak in the distribution corresponds to the remain-
ing non-strange channel p + p→ p + n + pi+ + pi+ + pi−.
Such reactions are also responsible for the low mass tails
in the missing mass spectra.
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FIG. 2. Color online. Missing mass distribution with respect
to the p, pi+, pi+ and pi− with a cut on the K0S mass in the
pi+pi−-invariant mass spectrum (Fig. 1). The gray histogram
corresponds to the sum of simulated contributions plus the
background defined by the sideband sample. The double ar-
rows indicate the so-called Λ-cut and Σ0-cut, respectively. See
text for details.
B. Sideband Analysis
TABLE I. Possible non-strange reactions contributing to the
final state selected in this analysis.
Non-strange reactions in selected events
p+ p→ p+ n+ pi+ + pi+ + pi−
p+ p→ p+ p+ pi+ + pi+ + pi− + pi−
p+ p→ p+ p+ pi+ + pi−
p+ p→ p+ p+ η
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FIG. 3. Color online. Missing mass distribution with re-
spect to the p, pi+ and pi− with a cut on the K0S mass in the
pi+pi−-invariant mass spectrum (Fig. 1). The gray histogram
corresponds to the sum of simulated contributions plus the
background defined by the sideband sample. The dotted and
dashed lines at 1100 MeV/c2 and 1270 MeV/c2 are used as
cuts in other variables.
As mentioned above, the selected data sample includes
combinatorial background from the K0S reconstruction.
But, it also contains contributions from reactions with
a non-strange final state. These reactions constitute the
main sources of background in the study presented here.
Some examples of the background-reactions are listed
in Table I. To evaluate the background contribution to
the MM(p,pi+, pi+, pi−) and MM(p,pi+, pi−) distributions
(Figs. 2 and 3), a sideband analysis has been performed.
The sideband sample is defined by selecting regions of the
pi+pi−-invariant mass spectrum adjacent to the K0S peak.
The selection applied is shown in Fig. 1, where the side-
band intervals are indicated by the red (low mass, LM)
and green (high mass, HM) filled regions. These two sam-
ples include negligible contributions from the K0S signal.
Both the LM and HM intervals are chosen such to have
nearly the same integral. The data sample selected by
this method should be equivalent in terms of kinematic
distributions to the background below the K0S peak in the
pi+pi−-invariant mass that we want to emulate. As it is
visible in the missing mass spectrum of Fig. 3, the com-
parison of the experimental distribution to the incoherent
sum of the different simulated channels shows that no fi-
nal state including a reconstructed K0S contributes to the
region where MM(p,pi+, pi−) < 1100 MeV/c2 (vertical
dotted line in Fig. 3). Hence, by selecting events which
fulfill the condition MM(p,pi+, pi−) < 1100 MeV/c2, one
obtains a rather pure background sample which can be
used as a reference to cross check the kinematic variables
of the sideband samples (LM and HM) selected on the
pi+pi−-invariant mass spectrum. Fig. 4 shows the mo-
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FIG. 4. Color online. Momentum distribution of the K0S
background (full squares). Applied conditions are a 3σ cut
around the K0S peak in the pi
+pi−-invariant mass distribution
(Fig. 1), and a cut on MM(p,pi+, pi−) < 1100 MeV/c2. Rela-
tive weights of low mass (full triangles) and high mass (open
triangles) sideband samples were fitted simultaneously to the
spectrum. The sum of both is shown in magenta as a gray
filled histogram.
mentum distribution of the pi+pi−-pairs from the pure
background events extracted by the missing mass selec-
tion (full squares) together with the distribution for the
LM and HM samples (full and empty triangles respec-
tively). The distributions from the LM and HM samples
have been fitted simultaneously such that their sum (gray
area) reproduces the momentum spectrum of the pure
background events. This fit results in a χ2/NDF = 2.32.
Fig. 5 shows the comparison of the momentum distri-
butions of the different background samples for different
bins of the laboratory polar angle Θlab. Obviously, the
LM and HM samples describe the kinematics of the K0S
background properly, for example double differentially in
the momentum and Θlab variables. Thus, the common
LM+HM sideband sample can be used to describe the
background in the whole kinematic range of the selected
data.
C. Simulation of the K0 production channels and
simultaneous fit of the experimental data
By looking at Fig. 2, one can clearly recognize the
peaks corresponding to the Λ and the Σ0 mass, while
in Fig. 3 signals from Σ+ and Σ(1385)+ show up. How-
ever, the missing mass distributions do not only contain
background events, that can be described by the side-
band method, but also several other contributions from
K0 production channels that overlap. In order to evaluate
these different contributions an incoherent cocktail com-
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FIG. 5. Color online. Momentum spectra for several bins in Θlab of the K
0
S background. Applied conditions are a 3σ cut
around the K0S peak in the pi
+pi−-invariant mass distribution (Fig. 1), and a cut on MM(p,pi+, pi−) < 1100 MeV/c2. The scaling
of the low and high mass sideband is a result of the simultaneous fit of both sidebands to the momentum distribution of the
K0S background in Fig. 4. The symbols are the same as in Fig. 4.
posed of the K0 production channels listed in Table II has
been simulated using the Pluto event generator [24]. This
reaction list has been grouped into three different classes
according to their relative abundances in the detected
final state and to the region the corresponding missing
mass spectra contribute to. The first class (C1) contains
the K0 reactions that survive with rather high probability
the event selection of the exactly four charged particles
(p, pi+, pi+, pi−). The second class (C2) includes reactions
that lead to multiple pion production, thus have a lower
probability to fulfill the multiplicity selection, but due to
the limited geometrical acceptance of HADES can still
deliver a contribution. As these channels display simi-
lar shapes in the missing mass spectrum, it is legitimate
to group them. The same statement holds for the third
class (C3) with the remaining K0 reactions. The contri-
bution of the reactions p + p→ Y + p + K∗(892)+ with
Y being a Λ ( = 230 MeV) or a Σ0 ( = 157 MeV) have
been considered, but no phase-space and acceptance are
provided in the selected data sample. All the simulated
reactions have been processed using the same full-scale
analysis employed for the experimental data, thus taking
into account the efficiency of the trigger condition (M3),
the tracking algorithm and the analysis procedure. The
particle decay, the acceptance and the materials of the
HADES detector have been considered by using geant3.
Moreover, special attention had been payed on the mass
distribution of the ∆++ resonance employed in the simu-
lation. Here, a relativistic Breit-Wigner distribution with
the parameters m (running unstable mass), MR (static
pole mass of the resonance) and Γtot(m) (mass depen-
dent width) is implemented in the Pluto event generator.
Details can be found in [24].
To determine the cross sections of the different K0 pro-
duction channels under the assumption that no interfer-
ences occur between the different channels, a simulta-
neous fit over five observables (three missing mass and
two invariant mass distributions) has been carried out.
The experimental data have been fitted with the sim-
ulated cocktail described above together with the side-
band sample. In addition to the two missing mass spec-
tra MM(p,pi+,pi+,pi−) and MM(p,pi+,pi−) (Figs. 2 and
3) three other distributions were included in the simul-
taneous fit. The first is the missing mass distribution
MM(p,pi+,pi+,pi−)CUT obtained after the selection on
MM(p,pi+, pi−) > 1270 MeV/c2 (Fig. 6). As illustrated
in Fig. 3 with this selection one gets rid of the contri-
bution from the channel p + p→ Σ+ + p + K0S, so that
the fit has a stronger constraint for the sideband con-
tribution below 1000 MeV/c2 in the MM(p,pi+, pi+, pi−)
spectrum. The last two spectra that have been included
in the fit are the ppi+-invariant mass spectra (M(p, pi+)Λ
and M(p, pi+)Σ0) obtained with a cut on the Λ and
Σ0 peaks in the MM(p,pi+, pi+, pi−) distribution, respec-
tively. The selected regions are marked with arrows in
Fig. 2. The obtained M(p, pi+)Λ and M(p, pi
+)Σ0 distri-
butions are shown in Figs. 7 and 8. These distributions
contain direct information about a possible contribution
7TABLE II. K0 production channels contributing to the se-
lected final state. The cross sections σfitch at 3.5 GeV are de-
termined by a fit with a cross section parametrization from
Eq. 34 in [25] to experimental cross sections measured at
other energies (*no experimental data existing to perform the
fit). The excess energies  are calculated for p+p reactions at
3.5 GeV.
Main contributing reactions (C1) σfitch [µb]  [MeV]
p+ p→ Σ+ + p+K0 20.43 551
p+ p→ Λ + p+ pi+ +K0 18.40 485
p+ p→ Σ0 + p+ pi+ +K0 12.38 408
p+ p→ Λ + ∆++ +K0 4.47 331
p+ p→ Σ0 + ∆++ +K0 -* 254
p+ p→ Σ(1385)+ + p+K0 5.31 358
Multi-pion K0 reactions (C2) σfitch [µb]  [MeV]
p+ p→ Λ + n+ pi+ + pi+ +K0 5.08 344
p+ p→ Λ + p+ pi+ + pi0 +K0 4.46 350
p+ p→ Σ− + p+ pi+ + pi+ +K0 3.75 264
p+ p→ Σ+ + p+ pi+ + pi− +K0 2.26 272
Other K0 reactions (C3) σfitch [µb]  [MeV]
p+ p→ p+ n+K+ + K¯0 7.58 307
p+ p→ Σ+ + n+ pi+ +K0 4.53 410
p+ p→ Σ+ + p+ pi0 +K0 4.06 416
p+ p→ Σ+ + ∆++ +K0 6.59 257
p+ p→ p+ p+ pi+ +K− +K0 2.02 169
of a ∆++ decaying into proton and pi+ and allow to dis-
tinguish between the reactions p + p→ Λ + ∆++ + K0S
and p + p→ Σ0 + ∆++ + K0S.
The start parameters chosen for the minimization pro-
cess are the cross sections σfitch quoted in Table II normal-
ized to the elastic p+p cross section as follows for each
reaction:
Fstartch =
σfitch
Nsimch
· N
tot
el
σel
. (1)
Here, Nsimch corresponds to the number of events simu-
lated for each channel. Ntotel is the total number of elastic
events, whereas σel is the cross section for elastic events
in the analyzed data set. Both numbers have been de-
termined in a separate analysis [23]. The cross sections
σfitch have been estimated from a fit to measured cross
sections at various beam energies using the cross section
parametrization from Eq. 34 in [25] and are listed in
Table II.
One has to mention here that the cross sections quoted
for the channel p + p→ Λ + p + pi+ + K0 have been de-
termined without taking into account that the proton and
the pi+ might stem from a ∆++ decay. To limit the free
parameters in the fitting procedure, the cross sections of
the reactions belonging to class C1 and C2 have been
summed up within each class and treated each as one
contribution. As explained before, this is valid because
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FIG. 6. Color online. Missing mass distribution with
respect to the p, pi+, pi+ and pi− obtained after the cut
MM(p,pi+, pi−) > 1270 MeV/c2 and a cut on the K0S mass
in the pi+pi−-invariant mass spectrum (Fig. 1). The grey
histogram corresponds to the sum of simulated contributions
plus the background defined by the sideband sample.
the shape in the fitted variables are similar. In addition
the contribution of the sideband sample was allowed to
vary within ±30% to compensate the fact that the yield
of the sideband sample was determined on the basis of a
small data sample - namely on the sample, which fulfills
the condition MM(p,pi+, pi−) < 1100 MeV/c2. Finally,
the simultaneous fit delivers a scaling factor fch for each
channel such that the following condition is fulfilled:
Nexp =
∑
ch
fch · Fstartch . (2)
It has not been mentioned yet that the reaction cross
sections may depend on the angle of one of the produced
particles. Such a dependence has little impact on the
χ2/NDF and the ppi+-invariant mass spectra, but will
affect the extracted reaction cross sections, as will be
shown below. Hence, two measured angular distributions
have been included and a method has been developed to
determine the strength of the anisotropy for the two ∆++
reactions. In the simulation the Σ+ + p + K0 final states
have been weighted such that the angular distribution of
the K0’s reproduces the one reported in [7] which has
been extracted for pbeam = 3059 MeV/c. The angular
distribution for the channel p + p→ Σ(1385)+ + n + K+
has been extracted from [1] and employed to weight the
reaction p + p→ Σ(1385)+ + p + K0.
As far as the channels p + p→ Λ + ∆++ + K0 and
p + p→ Σ0 + ∆++ + K0 are concerned, the angular
anisotropy of the ∆++ has been directly extracted from
this data set. By looking at the cos Θppi
+
cm distributions in
Fig. 9, where panels a) and b) correspond to the Λ and
the Σ0 selection, respectively, it becomes clear, that an
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FIG. 7. Color online. ppi+-invariant mass distribution af-
ter the Λ-cut on the MM(p,pi+, pi+, pi−) distribution (Fig. 2)
and with a cut on the K0S mass in the pi
+pi−-invariant mass
spectrum (Fig. 1). The gray histogram corresponds to the
sum of simulated contributions plus the background defined
by the sideband sample. The same color code and line styles
are used as in Figs. 2, 3 and 6.
anisotropic ∆++ production is needed to reproduce the
experimental data in both spectra. Without anisotropy
in these two reactions the χ2/NDF for both angular dis-
tributions together would be only 25.64. By tuning the
angular anisotropies of these two spectra, we have been
able to extract the strength of the anisotropy. The angu-
lar distribution in the CMS has been parametrized using
the Legendre polynomial function in Eq. 3.
dσ
dcosΘcm
= A0 + A1cosΘcm + A2
1
2
(3cos2Θcm − 1)
+A4
1
8
(35cos4Θcm − 30cos2Θcm + 3)
(3)
The second coefficient of the polynomial represent-
ing the anisotropy has been varied in the range
A2 = 20.65...23.65µb for the channel Λ + ∆
++ + K0 and
A2 = −0.64...2.36µb for the reaction Σ0 + ∆++ + K0.
The coefficient A0 related to the yield of a reaction
has been kept constant at 14.84µb and 4.63µb respec-
tively. For each pair of A2 coefficients, the simultaneous
fit over the five observables has been repeated. With
the resulting scaling factors for each simulated contri-
bution, the χ2/NDF in both cos Θppi
+
cm spectra could be
determined. A plot of the χ2/NDF distributions for
every pair of A2 coefficients can be found in Fig. 10.
Finally, the combination which delivered the minimum
χ2/NDF of 1.827 has been selected. This corresponds
to A Lambda∆
++K0
2 = 22.15µb and A
Σ0∆++K0
2 = 0.36µb.
This means that the ∆++ associated with a Λ pro-
duction requires a rather strong anisotropy, whereas
the production together with a Σ0 behaves almost like
)2) (MeV/c+piM(p,
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))2
dN
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FIG. 8. Color online. ppi+-invariant mass distribution af-
ter the Σ0-cut on the MM(p,pi+, pi+, pi−) distribution (Fig. 2)
and with a cut on the K0S mass in the pi
+pi−-invariant mass
spectrum (Fig. 1). The gray histogram corresponds to the
sum of simulated contributions plus the background defined
by the sideband sample. The same color code and line styles
are used as in Figs. 2, 3 and 6.
phase-space. A similar observation was made in the
study of the 3-body reactions p + p→ p + K+ + Λ/Σ0 at
pbeam = 3059 MeV/c by the COSY-TOF collaboration,
where an opposite behavior of the angular distributions
was found depending on the hyperon content [7]. This
points to different production mechanisms involving in-
termediate resonances to create either a ΛK-pair or a
Σ0K-pair. In the first case only N∗ resonances are possi-
ble, while the production of a Σ0K-pair can also occur via
∆∗ resonances. Coming back to the simulation used in
this analysis, the coefficients of all Legendre polynomials
employed for the four anisotropic reactions are listed in
Table III. All other channels have been simulated isotrop-
ically in phase-space.
TABLE III. Coefficients of the Legendre polynomials in-
cluded for the angular distributions of the listed particles in
the corresponding reactions in [µb]. Coefficients of channel
p + p→ Σ+ + p + K0 are taken from [7]. The coefficients for
p + p→ Σ(1385)+ + p + K0 was assumed to be the same as
found in [1] for the reaction p + p→ Σ(1385)+ + n + K+.
Reaction, p+ p→ cos A0 A1 A2
Σ+ + p+K0 ΘK
0
cm 13.15 -0.40 4.37
Σ(1385)+ + p+K0 Θ
Σ(1385)+
cm 7.23 0.00 10.24
Λ + ∆++ +K0 Θ∆
++
cm 14.84 0.00 22.15
Σ0 + ∆++ +K0 Θ∆
++
cm 4.63 0.00 0.36
9TABLE IV. Cross sections of the exclusive K0 reactions. Here σanisotropic means, that the four channels listed in Table III include
an anisotropic angular distribution, while σisotropic means, that all channels were simulated isotropic. The first uncertainties
correspond to statistical errors from the experimental data. The second uncertainties are the systematic errors from the
variation of K0S secondary vertex cuts by ±20% and the variation of the integral in the pi+pi−-invariant mass distribution used
for the sideband sample by again ±20%. The third uncertainties stem from the systematic uncertainties of the normalization
to the elastic cross section [23].
K0 reactions σisotropic [µb] σanisotropic [µb]
p+ p→ Σ+ + p+K0 24.25± 0.63+2.42−1.80 ± 1.70 26.27± 0.64+2.57−2.13 ± 1.84
p+ p→ Λ + p+ pi+ +K0 2.37± 0.02+0.18−2.35 ± 0.17 2.57± 0.02+0.21−1.98 ± 0.18
p+ p→ Σ0 + p+ pi+ +K0 1.40± 0.02+0.41−1.40 ± 0.10 1.35± 0.02+0.10−1.35 ± 0.09
p+ p→ Λ + ∆++ +K0 25.56± 0.08+1.85−1.45 ± 1.79 29.45± 0.08+1.67−1.46 ± 2.06
p+ p→ Σ0 + ∆++ +K0 9.17± 0.05+1.45−0.11 ± 0.64 9.26± 0.05+1.41−0.31 ± 0.65
p+ p→ Σ(1385)+ + p+K0 13.15± 0.05+1.91−2.07 ± 0.92 14.35± 0.05+1.79−2.14 ± 1.00
D. Results of the simultaneous fit
Including the angular distributions and applying the
minimization procedure as described above, we have
achieved a global χ2/NDF of 2.57 in the five fitted vari-
ables from the simultaneous fit. The fit results are
shown in the introduced missing mass, invariant mass
and angular distributions, where the contributions of
simulated reactions and the sideband sample are plotted
(Figs. 2, 3, 6-8, 9). Only the spectra of multi-pion reac-
tions (C2) are not shown, as the resulting contribution
with 3.91·10−7µb is very small. However, a good descrip-
tion of the experimental data by the fitted contributions
can be observed. Especially from both ppi+-invariant
mass distributions it becomes clear, that a dominant con-
tribution of the resonant channels (Λ + ∆++ + K0 and
Σ0 + ∆++ + K0 to the Y + p + pi+ + K0 final state) is
required to reproduce the shape of the data. In view
of the single invariant mass spectra a χ2/NDF of 1.29
in the Λ and 2.44 in the Σ0 selection are achieved. If
one would assume that the total yield of the final states
Y + p + pi+ + K0 originates from non-resonant produc-
tion, the χ2/NDF in these two spectra would degrade to
5.29 and 3.35 respectively.
Since the simulated K0 cocktail describes the discussed
spectra fairly well together with the sideband sample,
one can correct the angular distributions of the reactions
p + p→ Y + (p + pi+)/∆++ + K0 for the HADES accep-
tance and efficiency. For this purpose, all modeled con-
tributions have been subtracted from the experimental
angular distributions (Figs. 9) except the just mentioned
reactions. Depending on the applied hyperon-selection in
the angular distributions, the contribution of the other
hyperon channels have been subtracted, too. Conse-
quently, the angular distribution with the Λ-cut should
be left over with the reactions Λ + (p + pi+)/∆++ + K0
only and analogous in the case of the Σ0. The correction
of these distributions has been performed with the sim-
ulations of the two resonant and the two non-resonant
reactions by comparing the acceptance and efficiency fil-
tered simulation to its initial distributions. As a result
one can observe the clearly anisotropic production of the
ppi+-system if produced together with a Λ in Figure 11
panel a). Panel b) displays an almost isotropic produc-
tion of the Σ0 + (p + pi+)/∆++ + K0 final states. As al-
ready mentioned above, this can be seen as a consequence
of the different productions mechanisms involving inter-
mediate N∗ and ∆∗ resonances to generate a ΛK- or a
ΣK-pair, which at our energy is a common process.
To translate the known relative contributions of the
simulated channels into cross sections, one has to scale
the cross sections from the fitted cross section parameter-
izations to measured data (σfitch) with the factor fch, which
was determined by the simultaneous fit of the reactions
to the five experimental observables mentioned above.
σtotch = fch · σfitch. (4)
The total cross sections for all measured reactions are
given in Table IV together with the cross sections assum-
ing an isotropic simulation of all channels for comparison.
In the Table σanisotropic means that four of the chan-
nels (Σ+ + p + K0, Σ(1385)+ + p + K0, Λ + ∆++ + K0,
Σ0 + ∆++ + K0) include an anisotropic angular distri-
bution, while σisotropic means that all channels have been
simulated isotropically. The listed systematic uncertain-
ties stem from a ±20% variation of each K0S secondary
vertex cut and again a ±20% variation of the integral in
the pi+pi−-invariant mass distribution, that is used for the
sideband sample to model the background. From these
measured cross sections one can conclude that the reso-
nant (∆++) reaction is at least 10 times higher than the
non-resonant channel in case of a production together
with a Λ. In case of a production together with a Σ0
it is at least a factor of 6 higher. For the reactions of
class C2 one cannot make any conclusions about their
finite cross sections, as their contribution to the selected
events is too small. For the group of reactions classified
as ”other K0 reactions” (C3) a decrease of their summed
cross sections by a factor of 0.82 has been extracted from
this minimization. Comparing the extracted cross sec-
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FIG. 9. Color online. Angular distributions of ppi+-pairs
in the center of mass reference system either in the Λ-cut
(panel a)) or in the Σ0-cut (panel b)) with a cut on the K0S
mass in the pi+pi−-invariant mass spectrum (Fig. 1). The gray
histogram corresponds to the sum of simulated contributions
plus the background defined by the sideband sample. The
same color code and line styles are used as in Figs. 2, 3 and
6.
tions to the cross sections from a fitted parametrization
[25] (Table II) we see large differences. Especially the
non-resonant reactions decrease significantly. That is be-
cause for the cross section parametrization also the res-
onant reactions leading to the same final states are in-
cluded, as in most of the analysis it was not possible
to distinguish them. Thus, only few measurements of
the reaction p + p→ Λ + ∆++ + K0 exist and even none
of p + p→ Σ0 + ∆++ + K0, which implies a rather un-
certain fit of the data, so that we observe a strong rise
of its cross sections. The same situation is present for
the reaction p + p→ Σ(1385)+ + p + K0, where only one
measurement with rather large uncertainties is taken into
account.
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FIG. 10. Color online. χ2/NDF distribution in the
cos Θppi
+
cm spectra in Fig. 9 for the variation of the second
coefficients A2 of the Legendre polynomials of the channels
p + p→ Λ + ∆++ + K0 and p + p→ Σ0 + ∆++ + K0.
IV. SUMMARY AND CONCLUSIONS
Understanding the nucleon-nucleon reactions is of par-
ticular interest not only with respect to the plain NN
interaction, but also with respect to particle (hadron)
production. Still in the region of soft QCD the onset
of multiple-hadron production implies a challenge for an
appropriate phenomenological description. Due to the
wide excitation spectrum of nucleons and Deltas, and also
other baryons, the role of the individual states in particle
production is an important issue for model building with
the goal of first-principle formulations. Therefore, these
strong-interaction aspects of hadron production and the
mentioned properties are incorporated in transport mod-
els simulating for example proton-nucleon and nucleus-
nucleus collisions, which need informations such as total
reaction cross sections, angular distributions, scattering
cross sections and others as an input. Especially at in-
termediate energies, where the models transit from res-
onance based to string fragmentation calculations, it is
important to know the role of resonances.
We have reported on the exclusive analysis of proton-
proton collisions at 3.5 GeV focusing on the 4-body
reactions p + p → Y + p + pi+ + K0 (Y = Λ, Σ0).
The proton and the pi+ in these reactions may be de-
cay products of an intermediate ∆++ resonance. The
data sample consisting of events with four charged par-
ticles (p, pi+, pi+, pi−) in the HADES acceptance in-
cludes additionally the reactions p + p→ Σ+ + p + K0
and p + p→ Σ(1385)+ + p + K0. Besides these, a back-
ground contribution of non-strange channels remains af-
ter K0S preselection. This background has been modeled
by a K0S sideband sample, which reproduces the distribu-
tion of the background events even in laboratory mo-
menta and polar angles. Thus, it has allowed us to
use this sample for the background description of the
studied observables, which are first of all the missing
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FIG. 11. Color online. Absolute normal-
ized angular distributions of ppi+-pairs in the center of
mass reference system corrected for acceptance and effi-
ciency. Panel a) includes contributions from the reactions
p + p→ Λ + (p + pi+)/∆++ + K0 and panel b) from the reac-
tions p + p→ Σ0 + (p + pi+)/∆++ + K0. The grey histogram
corresponds to the sum of simulated contributions. The gray
bands are the systematical uncertainties, whereas the red cups
indicate the 7 % uncertainty from the absolute normalization
to elastic scattering cross sections [23].
mass distributions MM(p,pi+, pi−), MM(p,pi+, pi+, pi−)
and MM(p,pi+, pi+, pi−)CUT . As clear peaks at the Λ
and the Σ0 masses show up in the missing mass distribu-
tion MM(p,pi+, pi+, pi−), we have used this information to
classify the reaction p + p→ Y + p + pi+ + K0 by their
hyperon content. Indeed by studying the invariant mass
distributions M(p,pi+) separately for the Λ and the Σ0
case, we have been also able to distinguish the production
of the ∆++ resonance from the non-resonant production.
An incoherent set of 14 K0 production channels has been
simulated via the Pluto event generator. Together with
the defined sideband sample this cocktail has been si-
multaneously fitted to the mentioned three missing mass
and two invariant mass spectra, which has allowed to de-
termine the relative contributions of the involved chan-
nels. The measured angular anisotropies for the reactions
p + p→ Σ+ + p + K0 and p + p→ Σ(1385)+ + p + K0
have been included for this process from [1, 7]. Further-
more, an iterative method has been developed using the
two angular distributions cos Θppi
+
cm for the Λ and Σ
0 re-
gion to extract the strengths of the anisotropy that occur
for the reactions p + p → Y + ∆++ + K0. It has been
found that the ∆++ in the reaction associated with the Λ
hyperon is produced in a quite anisotropic way, whereas
in the generation together with a Σ0 it is emitted almost
isotropically. The inclusion of these angular anisotropies
has some effect on the obtained reaction cross sections,
that can be found in Table IV. We can conclude that
at intermediate energies resonances play a dominant role
in the formation of hadrons. The results show a 6-10
times higher resonance contribution compared to non-
resonant reactions. From theoretical point of view, the
resonance model as described in [15] incorporates a some-
what consistent treatment for the formation of ppi+-pairs
as found in this analysis, as there all these pairs are gen-
erated through the intermediate ∆++ resonance. Nev-
ertheless, the model overestimates the cross sections of
these reactions and angular distributions and channels
including Σ(1385) are missing in this approach. In the
end, the reported results need to be consistently imple-
mented and reproduced by the models in order to de-
liver more precise interpretations of nucleon-nucleus and
heavy ion reactions, especially for the upcoming exper-
iments of HADES and CBM at the FAIR facility that
will perform measurements in an energy range from 2-
50 AGeV [26, 27].
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